Summary. Adipose tissue of KK mice was less sensitive to insulin in its stimulatory action on glucose oxidation or its inhibitory action on lipolysis, and to epinephrine in its stimulatory action on lipolysis as compared to that of C57BL mice. A lack of appreciable increase in plasma NEFA in response to fasting of the KK mice might be caused by the impaired response of lipolysis to the hormones. --Adipose tissue of KK mice was also less sensitive to insulin-like action of concanavalin A, ouabnine or omission of K + in the medium on glucose oxidation or lipolysis. Lipolysis in response to theophylline and/or DcAMP was less marked in the tissue of KK mice. The mean diameter of the adipocytes was larger in KK than in C57BL mice. In the experiments using adipocytes with the same diameter, however, the cells of KK mice were less sensitive to the hormones than those of C57BL. --With respect to tissue sensitivity to the hormones, the mean diameter of adipocy~es and the response of plasma NEFA to fasting, the Fl-hybrid mice of KK and C57BL showed values between those of the parental strains.
Yellow hybrid (genetically obese Fl-hybrid ) mice showed higher sensitivity to insulin in the adipose tissue, more remarkable response of plasma NEFA to fasting as compared with KK mice, although hypertrophy of adipoeytes was more pronounced in the yellow hybrid mice. --These findings suggest that insulin insensitivity is associated with epinephrine insensitivity in adipocy~es of KK mice; both appear to be subjected to genetic factor(s) per se rather than hypertrophy of the adipocytes.
Furthermore, insensitivity to both hormones in the KK mice appears to be caused by a common defect in cellular process other than the hormone receptor systems. These genetically determined abnormalities of adipoeyies may result in fat-storage metabolism through hyperinsulinemia; this is very similar to the metabolic profile due to thrifty genotype in human diabetes as proposed by Neel.
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We have previously demonstrated that the KK mice were more susceptible to diabetogenic action by obesity, induced by goldthioglucosc, high calorie diets or the yellow obese gene (Ay), than ICR, C57BL or hybrid mice of KK and C57BL [1, 2, 3] . Thus, KK strain appeared to carry a genetically determined predisposition to diabetes.
Before the onset of diabetes and/or obesity, glucose intolerance and insulin insensitivity were observed in the KK mice [4] , and these characteristics were under a common genetic control, presumably polygenie [1, 5] . Furthermore, ICI~ mice showed higher susceptibility to diabetogenic action by goldthioglucose-induced obesity than C57BL mice [3] , and ICI~ mice, prior to the onset of obesity, were less tolerant to glucose and less sensitive to insulin than C57BL mice. Therefore, glucose intolerance and insulin resistance appeared to be markers indicating predisposition to diabetes.
In the present studies, adipose tissue metabolism was examined with varying genetic or biochemical backgrounds in order to relate its involvement in the pathophysiology of diabetes in the KK mice. * with technical assistance by K. Shimakawa and E. Ishikawa.
Materials and Methods

Animals
Mice were bred in our laboratories as described previously [1] . KK and yellow KK mice were offspring of female KK and male yellow KK mice. Fl-hybrid mice and yellow hybrid mice were offspring of female C57BL/6J and male yellow KK mice. Female yellow KK mice were not used as breeders because of high incidence of infertility. Male mice of each group were used for experiments at 8 to 10 weeks of age. They were fed a lab chow (CE2, Clca Japan, Tokyo) and water ad libitum.
Response of Plasma NEFA to Fasting
The mice were fasted for 20 h (5:00 p.m. to 8:00 a.m.), an equal number were fed ad lib and served as controls. Blood was taken by heart puncture from mice anesthetized by ether at 8 to 9 am. Plasma glucose and NEFA were determined by glucose oxidase method [6] and Novak's method [7] respectively.
Experiments with Adipose Tissue or Adipocytes
For assay of lipolysis in epididymal adipose tissue, 80 mg fat pad was incubated in 1 ml of Krebs-Ringcr bicarbonate buffer containing 20 mg of bovine albumin (Fraction V). Flasks were gassed with 95% 02:5 % CO, mixture and shaken at 80 strokes/min at 37 ~ C for 120 or 180 min. NEFA released into the medium was extracted and measured [8, 6] .
For assay of glucose oxidation, 80 mg of fat pad was incubated in 1 ml of the same buffer containing 20 ~moles of glucose (glucose-l-14C, 0.1 FCi). The experimental procedures were described in our previous paper [3] .
Adipocytes were obtained from epididymal fat pads by digestion with collagenase [9] . Fraetionation of adipocytes according to the cell size was performed according to BjSrntorp's method [10] . The cells were fixed in trichloroacetic acid-glutaraldehyde [11] and the cell diameter was measured by micrometer [12] .
The cells were suspended in 1 ml of Krebs-Ringer bicarbonate buffer containing 40 mg albumin in a plastic vial. The procedures for assay of lipolysis were the same as described above. For assay of glucose oxidation, the above medium contained 2.8 ~moles glucose (glucose-l-14C, 0.5 y.Ci). The incubation procedures were the same as described previously [3] .
Results
Impaired Responses of Adipose Tissue to Hormones
As previously described, glucose oxidation and lipolysis were less sensitive to insulin and epinephrine, respectively, in adipose tissue of KK mice than in that of C57BL mice (Fig. 1) . This figure indicates a positive correlation between sensitivity to both hormones in mouse adipose tissue from KK and C57BL mice.
Responses of adipose tissue metabolism to various stimuli are summarized in Tables 1, 2 and 3 . Concanavalin A or omission of K + in the medium stimulated glucose oxidation. These insulin-like actions were less pronounced in the tissues of KK mice ( Table 1) . The adipose tissue of KK mice was less sensitive to the insulin-like actions of ouabain and K+-omission (Table  2 ). An inhibitory action on epinephrine-stimulated lipolysis by Con A or insulin was also less remarkable in adipose tissue or adipoeytes of KK mice (Tables 2  and 3) .
A stimulatory action by DcAMP or theophylline was less pronounced in the tissue and cells of KK mice (Tables 2 and 3 ). Combination of theophylline with epinephrine or DcAIVIP stimulated lipolysis; the cells of KK mice responded to these stimuli to less extent as compared with those of C57BL mice (Table 3) .
Genetic Control of Adipose Tissue Metabolism
In our previous work [1] , it was confirmed that KK mice were less tolerant to glucose and less sensitive to insulin than C57BL mice. Furthermore, Fl-hybrid mice of KK and C57BL mice showed intermediate response regarding these clinical parameters.
Plasma NEFA levels after overnight fasting were measured in mice with different genotypes (Fig. 2) . In KK mice, the NEFA level was higher in the fed state but lower in the fasted state as compared with C57BL mice at similar dietary states. No appreciable increase of the NEFA level due to fasting was observed in KK mice. Fl-hybrid mice showed intermediate levels of plasma NEFA in the fed and fasted states, and the change of NEFA levels in response to fasting also fell between those of the parental strains. Relationship between insulin and epinephrine sensitivity in mouse adipose tissue. The hormone sensitivity is expressed as percent increase of the basal activity of glucose-l-laC or ~qEFA release due to insulin (1 mU/ml) or epinephrine (0.1 Fg/ml = 3 • 10-TM). Experimental conditions as described in the text Yellow (obese) hybrid mice showed a significantly lower level of NEFA in the fasted state, but not in the fed state; consequently, there was a lower response to fasting in the yellow hybrids than those in the lean controls, Fl-hybrid. Although yellow (obese) KK (KK-A~) mice showed hyperglycemia (higher than 300 mg%), their plasma NEFA level and its change in response to fasting was not different from that of their lean controls, the KK mice.
Response of lipolysis to epinephrine was examined in the adipose tissue from KK, C57BL and Fl-hybrid (Fig. 3) ; the values, expressed as per cent of the basal activity, were 195% for C57BL, 71% for Fl-hybrid and 59% for KK mice, respectively.
Responses of glucose oxidation to insulin, together with the size of the adipoeytes were examined (Fig. 4) . At 100 ~U/ml insulin, the response of adipose tissue of Fl-hybrid mice was intermediate of those of the parental strains. The tissues from yellow obese mice, such as yellow hybrid and yellow KK, were less sensitive to insulin than those from their respective lean controls. The sensitivity decreased in the following order : C57BL, F1-hybrid, yellow obese hybrid, KK and (Fig. 5) . A negative correlation between the cell size and sensitivity to insulin or epinephrine was evident in the cells of C57BL mice, but similar relationship was not present in those of KK mice. In addition, KK adipocytes were less sensitive to the hormones than the C57BL adipocytes of similar sizes, i.e. 50--70 ~. yellow KK mice. On the other hand, the mean cell size of the tissue increased in the following order: C57BL, Fl-hybrid, KK, yellow KK and yellow obese hybrid. Therefore, the lowered sensitivity of KK mice could not be accounted for by hypertrophy of the adipocytes.
The sensitivity to epinephrine or insulin was examined with isolated adipocytes of varying cell size
Discussion
In a series of experiments including the present studies [1, 4] , we demonstrated that KK mice without hyperglycemia carry three clinical abnormalities: (i) glucose intolerance, (H) insulin resistance and (iii) an impaired response of plasma NEFA to fasting. These l-I. Iwatsuka et al. : Adipose Tissue in the KK Mice syndromes appear to be governed by a common inheritance mode.
The impaired sensitivity to insulin or epinephrine may be responsible for the metabolic abnormalities observed in vivo. For example, the reduction of insulin action on adipose tissue, as observed in the studies of glucose oxidation in vitro, may be a causal factor for either glucose intolerance or insulin resistance in the KK mice. The lowered response of lipolysis to insulin and epinephrine may result in the impaired response of plasma NEFA to fasting. sensitivity in the adipose tissue and a more remarkable response to fasting in plasma NEFA levels than K~( mice, although the mean cell size of the adipose tissue was significantly larger in the yellow (obese) hybrid mice. Furthermore, the adipocytes from KK mice were less sensitive to either insulin or epinephrine than C57BL adipocytes of similar sizes. The impaired sensitivity to the hormones, is therefore, more likely determined by genetic factor(s) carried in the KK strain than simply by the change in cellularity. ~!i Impaired response of lipolysis to adipokinetic Table 2 The present studies indicated a negative correlation between the cell size and insulin or epinephrine sensitivity in adipocytes from C57BL mice. The mean cell size of adipose tissue increased in the following order: C57BL, Fl-hybrid and KK mice; whereas insulin sensitivity of adipose tissue decreased in the same order. It appears, therefore, that the change in cellularity may be the cause of hormone insensitivity in the KK mice.
However, this postulation was not valid in the KK mice due to the following two observations: Firstly, the yellow (obese) hybrid mice showed higher insulin hormones and insulin insensitivity have also been observed in other genetically diabetic and/or obese mice [13--18] . It has been suggested that an impaired system of cAMP formation is responsible for epinephrine insensitivity in the NZO mice [19] and reduced number of receptor site leads to insulin insensitivity in the ob/ob mice [24] . However, it is not likely that impaired hormone sensitivity in the KK mice arises from similar mechanisms. Lipolysis by adipose tissue from KK mice was less sensitive to DcAMP, theophylline or combination of theophylline with epinephrine or DcAS~. Furthermore, glucose oxidation and lipolysis by adipose tissue or adipocytes from KK mice were less sensitive to insulin-like actions of Con A, ouabain or omission of K+ in the medium. The positive correlation between ins~flin and epinephrine sensitivity of mouse adipose tissue suggests the participation of common processes. It is therefore, postulated that impaired sensitivity of KK mice to both hormones are caused by common defects in the adipocytes, and not by abnormalities in the respective receptor sites for the hormones.
Previously we reported a positive correlation between hepatic lipogenie activity and the plasma insulin level in KK and obese KK mice, indicating a normal response of hepatic lipogenesis to insulin [20, 21] . Predisposition to diabetes in the KK mice may arise from a normal response to insulin in the liver concomitant with insulin insensitivity in the adipose tissue. Insulin insensitivity in the adipose tissue is likely to induce hyperinsulinemia due to a compen- satory mechanism of the islets; hyperinsulinemia, in turn, may lead to obesity through activation of hepatic lipogenesis. Obesity may further reduce the genetically controlled hyposensitivity of the adipose tissue to the extent that hyperglycemia and severe hyperinsulinemia ensue. Thus, a vicious cycle is established between pancreatic islets and peripheral tissues with a mediating action by liver. This postulated sequence of metabolic events is very similar to the metabolic profile caused by thrifty genotype in human diabetes proposed by Nee1 [22] . It has been demonstrated that the development of diabetes and/or obesity in KK mice requires other factors than the diabetic gent(s) [1, 4] . Either genetically or experimentally induced obesity was able to a l OC ~' 50 ,r cause hyperglycemia in the KK mice, accompanied by severe hyperinsnlinemia, further lowering insulin sensitivity in the adipose tissue and activating lipogcnesis in the liver [20, 23] . This sequence of evants again supports the postulation that the above mentioned vicious cycle is involved in the pathogenesis in the KK mice.
